a Pt(II) phenylbipyridine complexes possessing bis(phenylisoxazolyl)phenylacetylene ligands self-assembled to form stacked aggregates via Pt-Pt, π-π stacking, and dipole-dipole interactions. The assembled structures were influenced by the solvent properties. Non-helical assemblies found in chloroform displayed metal-metal-to-ligand charge transfer absorption and emission, whereas helical assemblies formed in toluene showed aggregation-induced enhancement of emission and aggregation-induced circularly polarized luminescence. The rates of the association and dissociation of the assemblies were significantly reduced in toluene, and the non-helical structures formed in chloroform were surprisingly memorized.
Novel helical assembly of a Pt(II) phenylbipyridine complex directed by metal-metal interaction and aggregation-induced circularly polarized emission † Toshiaki Ikeda, a Midori Takayama, a Jatish Kumar, b Tsuyoshi Kawai b and Takeharu Haino* a Introduction Self-assembly of functional molecules offers a powerful tool for the development of discrete supramolecular organizations that display fascinating characteristics, such as optical, magnetic, mesogenic, and macroscopic properties.
1 During selfassembly, reversible intermolecular interactions bind the molecular components together to define the direction and dimension of the target molecular organizations. Thus, selfassembly of molecular components in a desired manner can enable the generation of tailored functional organizations with the required properties. A variety of intermolecular interactions have been applied to the self-assembly. Reversible metallophilic interactions of d 8 -and d 10 -metals, including AuAu, 2 Pd-Pd, 3 and Pt-Pt 4 interactions, have received significant attention due to the development of polymeric linear metal arrays with unique photochemical properties and mesoscopic behaviors. 5 Particularly, self-assemblies of square-planar Pt(II) complexes have displayed excellent phosphorescent properties. Although many self-assemblies of cationic Pt(II) complexes through Pt-Pt interactions have been reported, 4 reports on the self-assembly of uncharged Pt(II) complexes in a common organic solution have been limited. 6 We have reported that tris( phenylisoxazolyl)benzenes assemble to form helical assemblies, displaying unique photonic properties.
7 During the course of the studies, the intermolecular dipole-dipole interaction of the isoxazolyl moieties has been crucial for developing the supramolecular helical assemblies. We envisioned developing a dimensionally organized platinum array via self-assembly of the neutral platinum complex with the aid of the intermolecular dipole-dipole interactions. In this study, new Pt(II)phenylbipyridine complexes possessing the bis( phenylisoxazolyl)phenylacetylene ligands S-and R-1, showing unusual aggregation-induced enhancement of emission (AIEE) and strong aggregation-induced circularly polarized luminescence (AICPL) are described (Scheme 1).
Results and discussion

Synthesis
The synthesis of Pt(II) phenylbipyridine complexes S-and R-1 is shown in Scheme 2. Bis( phenylisoxazolyl)phenylacetylene ligands S-and R-4 were synthesized via 1,3-dipolar cycloaddition of 1,3,5-triethynylbenzene 2 with the p-alkoxyphenylnitrile oxides prepared in situ from the corresponding hydroximinoyl chlorides S-and R-3 by the treatment of triethylamine. Ligands S-and R-4 were introduced to the platinum center of 5 through a ligand exchange reaction catalyzed by copper(I) ion to afford the desired products S-and R-1.
Self-assembly in chloroform
The self-assembling behavior of S-1 in chloroform-d 1 was studied using 1 H NMR spectroscopy. The 1 H NMR signals of S-1 were concentration dependent ( Fig. 1 and S2 †). Aromatic protons H a -H p shifted upfield by increasing the concentration from 1.0 to 26.0 mmol L −1 , indicating that S-1 formed stacked assemblies in which the aromatic protons are placed in the shielding regions produced by the aromatic rings of a neighboring S-1. A plot of the chemical shift changes of the protons versus the concentrations of S-1 produced hyperbolic curves. Non-linear curve-fitting analysis by applying the isodesmic model produced the estimated assembly-induced shifts (Δδ = -0.57, −0.20, −0.04, and −0.08 ppm for H a , H l , H n , and H p , respectively) and the association constant (K E = 93 ± 8 L mol −1 ). The phenylbipyridyl protons displayed larger upfield shifts than those of the other aromatic rings (Table S1 †). These findings implied that S-1 stacked as piles along with the platinum center. The association constant of S-1 is larger than that of tris{(4-decyloxyphenyl)isoxazolyl}benzene (K E = 3.7 ± 0.3 L mol −1 ). 7d Pt-Pt interactions accompanied by the π-π stacking and the dipole-dipole interactions drove the assembly of S-1.
The absorption and emission spectra of S-1 provide insight into the intermolecular interactions throughout the selfassembly. Fig. 2 shows the concentration-dependent absorption and emission spectra of S-1 in chloroform. At a low concentration, the monomer absorption bands appeared at 431 and 456 nm, which primarily consist of HOMO → LUMO and HOMO−2 → LUMO excitations given by the TD-DFT calculation (Fig. S4 †) . The former transition was assigned to the mixed metal-ligand-to-ligand charge transfer (MLLCT) band. When a solution of S-1 was concentrated ten times, a new broad absorption band was obtained at 675 nm, which is recognized as a metal-metal-to-ligand charge transfer (MMLCT) band of the Pt-Pt bonds (Fig. 2a) . 4, 6 In the diluted solution of S-1, a triplet MLCT emission of S-1 was only observed at 568 nm (Fig. 2b) . After concentrating the solution, a 3 MMLCT emission of the Pt-Pt bonds appeared at 790 nm.
4,6
The concentration-dependent MMLCT absorption and emission reveal that the metallophilic interactions of the platinum centers obviously direct the stacked self-assembly of S-1. Our previous studies have shown that tris( phenylisoxazolyl) benzene-based stacked assemblies equilibrate between the P-and M-helical structures, which are biased by the presence of chiral side chains in cyclohexane. 7c,d,g In contrast, S-1 was Scheme 2 Synthesis of Pt(II) phenylbipyridine complexes S-and R-1. 
Helical self-assembly in toluene
The solvent system directly influenced the molecular assembly of S-1. A toluene solution of S-1 led to the unique self-assembling behavior. Fig. 3a and 3b display the MLLCT absorption band at 449 nm and the 3 MLCT emission band at 573 nm at 50°C, which are assignable to the monomeric form of S-1.
After cooling the toluene solution to 25°C, an unusual time dependence was observed. New bands at 429 and 454 nm gradually emerged, implying that the self-assembling process was slow on a human time scale (Fig. 3a) . The Pt-Pt bond formation was supported by the broad MMLCT absorption, which appeared at approximately 600 nm during the self-assembly. Accordingly, the polymeric platinum array was directed by the Pt-Pt interaction as well as the π-π stacking and the dipoledipole interactions in toluene. To determine the size of the assemblies in toluene, dynamic light scattering (DLS) measurements were performed. The large assemblies were formed with a hydrodynamic radius of 1.3 ± 0.3 μm in toluene, while the sizable assemblies were not detected in chloroform (Fig. S8 †) . This slow assembling process was monitored using CD and emission spectra. When the solution was cooled to 25°C, the CD was silent. After a brief period, the positive Cotton effects were strongly enhanced at 480 nm, resulting in a dissymmetry factor g abs of 0.002, whereas the negative Cotton effects were observed on the MMLCT bands (Fig. 3c) . The CD spectra of S-and R-1 displayed a mirror image relationship, suggesting that S-and R-1 formed helical assemblies, and the helical sense was directed by the chiral side chains. Plots of ellipticity θ versus time resulted in a sigmoidal response, implying that the assembly process was auto-catalytic (Fig. 3e) . The timedependent emission changes were also observed on the assembly. The emission was found at 573 nm when the solution was cooled to 25°C. New bands at 535 and 584 nm emerged after the solution was allowed to sit for a certain amount of time (Fig. 3b) . Unusual AIEE 8 was observed through the assembly. The emission strongly increased upon the formation of the assembly in toluene (Fig. 3b) . The quantum yields of S-1 were also time dependent due to the slow assembly. Immediate cooling of the solution of S-1 to 25°C resulted in an intense emission with a quantum yield of 0.023. After stirring for 24 h, the emission became more efficient with a quantum yield of 0.093. 3 MMLCT emission band was not found in a toluene solution of S-1 after the assembly. The emission lifetime measurements of S-1 in toluene provided more detailed insight into the selfassembly. A rapidly cooled solution of S-1 exhibited a singleexponential emission decay function with a lifetime τ of 0.28 μs. When the solution was aged for 24 h, a double-exponential function was observed with lifetimes τ 1 and τ 2 of 0.25 and 1.1 μs, respectively (Fig. 3f ) . Accordingly, S-1 exists in two photochemically non-equivalent states: the lifetime τ 1 corresponded to the monomeric form, and the long-lived species arose from the self-assembled aggregates. A longer emission lifetime τ 2 of 1.1 μs reveals that the AIEE is due to the reduction of molecular motion through the self-assembly of S-1. The molecular motion is partially restricted in the stacked organization, which suppresses the non-radiative decay channels, thus increasing a portion of the radiative decay process. Circularly polarized luminescence (CPL) measurements were performed to understand the selective emission of rightand left-handed circularly polarized light from the molecules 10 and chiral aggregates. 4a,7c,11,12 No appreciable CPL was observed either from the monomeric state of the molecule or from solutions subjected to analysis immediately after cooling to 25°C. Interestingly, the helical assembly of S-1 and R-1 exhibited mirror image CPL spectra at the fluorescence wavelength corresponding to the molecular aggregates with a high dissymmetry factor (g lum ) of 0.01 (Fig. 3d) . These findings clearly suggest that the helical assemblies can act as efficient sources of circularly polarized light. Moreover, the CPL of S-and R-1 is regulated via assembling and disassembling of S-1 and R-1, respectively. The observed luminescence dissymmetric factor is significantly larger than the typical g lum values exhibited by chiral organic molecules.
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Polymorphism and memory effect
An unusual polymorphism and the structural memory effect 13 were observed in toluene. S-1 generated two types of luminescent solids, A and B, obtained by slow evaporation of its chloroform solution and toluene solution, respectively. The 1 H NMR spectra of these solids dissolved in chloroform-d were almost identical to one another (Fig. S13 †) . The emission spectra of these solids were inconsistent with each other. Solid A displayed two emission bands at 564 and 733 nm corresponding to the 3 MLCT and 3 MMLCT bands of the non-helical structures in a chloroform solution of S-1, respectively (Fig. 4a) . Solid B generated an emission band at 583 nm, as observed in the helical assemblies in toluene. The weak 3 MMLCT emission was observed at approximately 750 nm. The quantum yields of solids A and B were 0.003 and 0.025, respectively (Fig. S12 †) . Accordingly, the assembled structures found in the chloroform and toluene solutions were maintained, even in the solid state ( Fig. 2b and 3b ). When solid A was dissolved in toluene at room temperature, two emission bands at 574 and 732 nm unexpectedly corresponded to those of the non-helical structures of the assemblies (Fig. 4b dotted  line) , and the CD was silent (Fig. S9 †) . These findings reveal that the non-helical structures are trapped in metastable states in toluene. After warming the solution to 50°C, the emission band at 732 nm disappeared, indicating that a monomeric form of S-1 was dominant (Fig. 4b, dashed line) . Helical structures developed while the solution was maintained at room temperature for a certain period, displaying the intense emission bands at 580 nm and the strong Cotton effect (Fig. 3a-c,  4b , solid line). Although the helical structures were thermodynamically more stable than the non-helical structures in toluene, a sizable energetic barrier existed between the nonhelical and helical forms, the interconversion of which was relatively slow with a half-life of 66 h at 25°C (Fig. S10 †) .
Microscopic study
The morphologies of the assemblies of S-1 were observed using transmission electron microscopy (TEM) and atomic force microscopy (AFM). The TEM image of the assembly showed nanofibers with an average width of 5-8 nm (Fig. 5a ). The length of the molecule is ca. 1.8 nm, which indicates that the observed fibers are bundles of the assemblies. The AFM images provided more detailed insights into the assembled structures. When the toluene solution of S-1 was spin-coated on mica, networked fibers with a uniform height of 2 nm were observed ( Fig. 5b and S14 †). The height well fit to the length of S-1, suggesting that S-1 forms a one-dimensional stacked assembly. However, helical fibers were observed when the toluene solution was spin-coated on HOPG (Fig. 5c, d , and S15 †). The pitch of the helix is ca. 30 nm. Interestingly, a bundle of the helices was observed (Fig. 5d ).
Conclusions
We demonstrated the unique self-assembling behaviors and optical properties of novel platinum(II) phenylbipyridine complexes possessing bis( phenylisoxazolyl)phenylacetylene ligands. S-1 formed stacked assemblies in chloroform and in toluene, but the assembled structures were dependent on the solvent properties. In chloroform, S-1 stacked in a non-helical fashion, whereas S-1 formed helical assemblies in toluene. The MMLCT absorption and emission bands reveal that the assemblies are directed via the Pt-Pt, π-π stacking, and dipole-dipole interactions. The assembling and disassembling processes in toluene are slow on a human time scale, leading to the structure memory of the non-helical assemblies. The assemblies of S-1, formed in toluene after being aged, display AIEE and AICPL. These emission properties provide possible applications of S-1 as luminescent materials in the solid state or condensed phase.
Experimental section
To a solution of 1,3,5-triethynylbenzene 2 (750 mg, 5.00 mmol) and triethylamine (7.0 ml, 50 mmol) in CH 2 Cl 2 (50 ml) was added chlorooxime S-3 (3.22 g, 10.3 mmol) in CH 2 Cl 2 (10 ml).
After being stirred at room temperature for 1 day under an argon atmosphere, the reaction mixture was concentrated in vacuo. The crude product was purified by column chromatography on silica gel (EtOAc/hexane) to give S-4 (696 mg, 20%) as a white solid. M.p. 98-99°C; 1 H NMR (300 MHz, CDCl 3 ): 130.6, 128.9, 128.4, 124.3, 123.1, 121.1, 115.1, 98.8, 82.0, 79.6, 66.7, 39.5, 37.5, 36.3, 30.1, 28.2, 24.9, 22.9, and 19.9 ppm; IR (KBr): ν 2952 , 2925 , 2867 , 2095 , 1612 , 1562 , 1488 , 1462 , 1438 , 1385 , 1294 , 1252 , 1176 , 1115 C 78.82, H 8.05, N 4.00, found C 78.76, H 8.02 , N 4.02%.
To a solution of 1,3,5-triethynylbenzene 2 (403 mg, 2.68 mmol) and triethylamine (3.6 ml, 26 mmol) in CH 2 Cl 2 (10 ml) was added chlorooxime R-3 (1.67 g, 5.37 mmol) in CH 2 Cl 2 (10 ml).
After being stirred at room temperature for 1 day under an argon atmosphere, the reaction mixture was concentrated in vacuo. The crude product was purified by column chromatography on silica gel (EtOAc/hexane) to give R-4 (300 mg, 16%) as a white solid. M.p. 98-99°C; 1 H NMR (300 MHz, CDCl 3 ): (d, J = 7.3 Hz, 6H) ppm; 13 C NMR (75 MHz, CDCl 3 ): δ 168. 3, 163.1, 161.0130.6, 128.9, 128.4, 124.3, 123.1, 121.1, 115.2, 98.8, 82.0, 79.6, 66.7, 39.5, 37.5, 36.3, 30.1, 28.2, 24.9, 22.8, and 19.9 ppm; IR (KBr): ν 2952 , 2925 , 2095 , 1611 , 1564 , 1526 , 1488 , 1460 , 1439 , 1385 , 1295 , 1251 , 1176 H 8.05, N 4.00, found C 78.81, H 8.09, N 4 .02%.
(6-Phenyl-2,2′-bipyridine){5,5′-(5-ethynyl-1,3-phenylene)bis (3-(4-((S)-3,7-dimethyloctyloxy) 
To a solution of (6-phenyl-2,2′-bipyridine)chloroplatinum 5 (113 mg, 244 μmol) and ligand S-4 (171 mg, 244 μmol) in CH 2 Cl 2 (5 ml) and DMF (5 ml) was added triethylamine (0.5 ml, 3.6 mmol). The mixture was degassed by bubbling argon for 30 min. CuI (8 mg, 42 μmol) was added to the reaction mixture and the resulting mixture was stirred at room temperature for 1 day under an argon atmosphere in the dark. 6, 165.7, 162.9, 160.9, 158.0, 154.6, 152.2, 146.9, 142.1, 139.1, 139.0, 138.6, 131.8, 130.6, 128.4, 128.1, 127.9, 124.8, 124.1, 122.7, 121.5, 119.5, 118.7, 117.8, 115.1, 104.8, 98.15, 66.7, 39.5, 37.5, 36.4, 30.1, 28.21, 24.9, 22.8, and 19.9 ppm; IR (KBr): ν 3207, 2954 , 2927 , 2870 , 1613 , 1564 , 1528 , 1462 , 1442 , 1385 , 1295 , 1252 , 1177 , 1115 , 1018 (6-Phenyl-2,2′-bipyridine){5,5′-(5-ethynyl-1,3-phenylene)bis(3-(4-((R)-3,7-dimethyloctyloxy)phenyl)isoxazole)}platinum (R-1)
To a solution of (6-phenyl-2,2′-bipyridine)chloroplatinum 5 (107 mg, 232 μmol) and isoxazolylbenzene R-4 (300 mg, 428 μmol) in CH 2 Cl 2 (10 ml) was added triethylamine (0.5 ml, 3.6 mmol). The mixture was degassed by bubbling argon for 30 min. CuI (10 mg, 53 μmol) was added to the reaction mixture and the resulting mixture was stirred at room temperature for 1 day under an argon atmosphere in the dark. The reaction mixture was extracted with CH 2 Cl 2 and the organic layer was washed with brine, dried over Na 2 SO 4 and concentrated in vacuo. The crude product was further purified by column chromatography on silica gel (EtOAc/hexane, CHCl 3 / MeOH) to give R-1 (195 mg, 75%) as an orange solid. M.p. 6, 165.7, 162.9, 160.9, 158.0, 154.7, 151.9, 147.0, 142.1, 139.1, 139.0, 138.6, 131.8, 130.5, 128.4, 128.1, 127.9, 124.7, 124.1, 122.9, 121.5, 119.5, 118.6, 117.9, 115.1, 104.9, 98.24, 66.7, 39.5, 37.5, 36.4, 30.1, 28.21, 24.9, 22.8, and 19.9 ppm; IR (KBr): ν 3737, 3567, 2954 , 2927 , 2870 , 1717 , 1613 , 1563 , 1528 , 1509 , 1459 , 1385 , 1295 , 1177 , 1115 , 1018 
